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Description
Technical Field

This invention relates to a method for determining the presence of oxygen in a sample, and to a sensor
for practicing the method. The invention makes use of silicic acid heteropolycondensates as membranes for

passing oxygen, and comprises their use in oxygen sensing.

Background of the Invention

It has been recognized in the art that luminescent quenching methods for oxygen determination potentially
provide many advantages over older, slower methods which destroy the sample being analyzed, or which con-
sume oxygen during its termination. For example, luminescent quenching methods are more readily automat-
ed.

British Patent 2,132,348B describes use of luminescent compounds in measuring oxygen concentration
The luminescent material is incorporated in a polymeric carrier which is permeable to oxygen. The purpose of
the carrier is to prevent the luminescent substance from responding to contaminants and interferents. Polymers
for such use are mentioned on page 8, lines 8-29. Further polymeric carriers as membranes are described is
EP-A-0243116 and EP-A- 0259951.

Plastic films of the type suggested by the British patent have their limitations; for example, the excited
state of the trapped luminescent substance can have a deleterious effect on the organic matrix. Secondly, or-
ganic substances are susceptible to environmental deterioration or they have undesirable mechanical prob-
lems, e.g., low mechanical strength, or a narrow range of oxygen permeability. Moreover, some sensor ele-
ments with organic substrates are subject to chemical attack by materials in which it is desired to determine
oxygen. Furthermore, many organic substances are not optically clear. Consequently they are not well suited
for use where light transmission is desired, e.g., in analytical determinations which are based on measurement
of the intensity of light. Stated another way, organic substances can form films which are not optically homo-
geneous, and which therefore reduce the amount of luminescence signal that can be measured.

U. S. Patent 4,587,101 teaches that the suitability of a polymer for use as a membrane for O, determination
mainly depends on its oxygen permeability, which should be sufficiently high. It also says that with the excep-
tion of silicone (P,~=600x10-"%cm? s-'cmHg~"), the oxygen permeability of unplasticized polymers are too low

(Po,<35x10-1%cm? s~'cmHg~") and do not yield useful results with regard to oxygen sensitivity, even if the flu-

orescence decay times of the indicator substances are long. Various polymer/plasticizer combinations are sug-
gested, column 3, lines 1-40. Thus, the reference teaches that plasticizers are required components of plastic
membranes used for oxygen determination. The silicic acid heteropolycondensates used in the present inven-
tion do not require plasticizers. Furthermore, the use of silicic acid heteropolycondensates as membranes for
passing oxygen is not suggested by the reference.

Avnir et al, Journal of Non-Crystalline Solids 74 (1985) 395-406, discloses the use of a sol/gel process to
entrap organic fluorescent dyes in silica and silica-titania thin films. The heteropolycondensates are made by
a polymerization/ condensation reaction of metal alkoxides, followed by low temperature dehydration. Use of
the films as solar or laser light guides is suggested. The reference does not suggest that silicic acid hetero-
polycondensates can be used as oxygen permeable membranes in oxygen sensing systems.

Statement of the Invention

We have found that improved oxygen sensors and methods of sensing oxygen can be provided by the
use of membranes of certain silicic acid heteropolycondensates In one embodiment, our invention relates to
a method of determining the presence of oxygen in a sample, said method comprising:

(A) exposing a sensor to said sample, said sensor comprising:

(i) aluminescent material which luminesces when excited by visible or ultraviolet light and whose lifetime
or intensity of luminescence is quenchable by oxygen, and
(ii) a membrane which is permeable to oxygen and in which said luminescent material is embedded,

(B) allowing oxygen from said sample to permeate said membrane and contact said luminescent material,

(C) measuring the quench-related decrease in luminescence caused by oxygen, and

(D) using a measurement thereby obtained to determine the oxygen content of said sample;

said membrane consisting essentially of an organic modified silicic acid heteropolycondensate having
silane units with the formula RSi=, such that the free valences of said units are interconnected by oxygen.
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In another embodiment this invention relates to a sensor comprising a luminescent material which lumi-
nesces when excited by visible or ultraviolet light and whose lifetime or intensity of illumination is quenchable
by oxygen, said luminescent material being incorporated within a membrane, characterized in that said mem-
brane consists essentially of a silicic acid heteropolycondensate having silane units with the formula RSi=
wherein the valences of said units are interconnected by oxygen.

In our work to overcome the aforementioned problems in the art, we have employed certain silicic acid
heteropolycondensates as membranes for oxygen sensors. The condensates are more stable than wholly or-
ganic materials. The membranes of this invention have many additional valuable properties for oxygen sensing
by luminescent quenching. For example, they transmit light in a manner similar to glass, and they readily dis-
solve phosphorescent agents at use concentrations. Secondly, the membranes employed in this invention offer
improved thermal and mechanical stability. In addition, the improved chemical stability provided by the het-
eropolycondensates allow oxygen sensors to be used in operating environments where other sensors have
interference problems. Furthermore, the oxygen permeability of the heteropolycondensates can be altered
by using different functional groups. Thus, the polycondensates offer an opportunity to "tailor make" or fine-
tune a composition for a particular oxygen sensing application.

Thus, the present inventors have provided improved methods and sensors for oxygen sensing. The im-
proved sensors and methods have the advantages referred to above. For example, they can be used to de-
termine oxygen in environments where other sensors have interference problems, and they can detect oxygen
in a wide range of concentrations by using selected sensor compositions having the required oxygen perme-
ability.

For the purpose of description of this invention, a shorthand notation has been adopted to describe various
organic modified silicic and heteropolycondensates referred to herein. In the adopted notation system, the het-
eropolycondensates are identified by the relative percentages of monomers which were reacted to produce
the condensate. Thus, for example, the designation "100-methy!" refers to an organic modified silicic acid het-
eropolycondensate made by the hydrolysis/condensation reaction (illustrated by Example 1) conducted using
methyltriethoxysilane as the sole monomer. The notation "95-Phenyl/5-OSTEE" refers to a silicic acid hetero-
polycondensate made from a monomer mixture of 95 mole percent phenyltriethoxysilane and 5 mole % tetra-
ethoxysilane. The adopted nomenclature is set forth in the following table:

Adopted Nomenclature

100-methyl 100% methyltriethoxysilane

100-phenyl 100% phenyltriethoxysilane

100-octyl 100% n-octyltriethoxysilane

phenyl(hyper) hypercritically processed 100% phenyltriethoxysilane (see Example 2)

phenyl/propyl commercial material made from a mixture of phenyltrialkoxysilane and n-pro-
pyltrialkoxysilane

95-Phenyl/5-OSTEE 95% phenyltriethoxysilane/ 5% tetraethoxysilane

80-Phenyl/15-Ph,/5-OSTEE  80% phenyltriethoxysilane/ 15% dichlorodiphenylsilane/ 5% tetraethoxysilane

EC-C-18 a silicic acid heteropolycondensate endcapped with octadecyldimethylchloro-
silane

At various places within the description of the invention herein, silicic acid heteropolycondensates may
be referred to as "sol/gels".

Brief Description of Drawings

Fig. 1. The normalized phosphorescence intensities of PtOEP (platinum octaethylporphyrin) in (O) phe-
nyl/propyl and (X) Ph/OSTEE coatings as a function of time. The oxygen partial pressure was changed in 5
steps from nitrogen to air.

Fig. 2 to 4. A collection of plots of [I(N,) / I(O,) - 1] as a function of oxygen concentration for various sol/gel
coatings.

Fig. 5. Time-resolved phosphorescence decay curve measured for a phenyl/propyl coating in nitrogen. The
intensity has been normalized. The best-fit curve is plotted on the top of the experimental data. The residuals
are plotted below the decay curve and best-fit curve.

Fig. 6. The same experimental system as Fig 5, except measured in air.

Fig. 7. Visible absorption spectra of PtOEP in phenyl/propyl coatings measured at different exposure (air
and room light) time. (A) and (B) are without and with thermal pretreatment respectively.
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Best Mode for Carrying Out the Invention

The hydrolysis/condensation reaction employed to prepare the heteropolycondensates used in this inven-
tion can be illustrated by the following equations.

HYDROLYSIS
(1) RySi(OC2H5)4_y 4_—3'32_0> RySi(OH)a_y+ 4—yC,H OH
CONDENSATION
| g | | .
(2) RSi — OH + HO - Si — R — > RSi — 0 — SiR + H,0

Wheny = 1, Equation (1) illustrates complete hydrolysis of a triethoxysilane, such as phenyltriethoxysilane.
As shown, for each molar equivalent of the trialkoxysilane which is completely hydrolyzed, three molar equiv-
alents of water are consumed. The hydrolyzed product is comparatively unstable; it tends to rapidly undergo
the condensation process illustrated by Equation (2). It is known in the art that condensation can begin to occur
before all three alkoxide groups are hydrolyzed.

Equation (2) is an oversimplification. It illustrates condensation between two silanol groups, each of which
were formed in step (1). As shown by the unsatisfied valences, further condensation between other groups
can occur.

This invention comprises a method of determining the presence of oxygen in a gaseous, liquid, or solid
sample, said method comprising:

(A) exposing a sensor to said sample, said sensor comprising:

(i) aluminescent material which luminesces when excited by visible or ultraviolet light and whose lifetime
or intensity of luminescence is quenchable by oxygen, and
(ii) a membrane which is permeable to oxygen and in which said luminescent material is embedded,

(B) allowing oxygen from said sample to permeate said membrane and contact said luminescent material,

(C) measuring the quench-related decrease in luminescence caused by oxygen, and

(D) using the measurement thereby obtained to determine the oxygen content of said sample;

said membrane consisting essentially of a silicic acid heteropolycondensate having silane units with
the formula RSi=, such that the free valences in said formula are interconnected by oxygen.

Heteropolycondensates for use in this invention include:

(1) Those wherein the R group in the silane units are selected from the class consisting of:

(a) lower alkyl radicals having up to about 7 carbon atoms optionally substituted with halogen, e.g., flu-
orine;

(b) aryl radicals having up to about 14 carbon atoms; and

(c) mixtures of (a) and (b).

(2) Those wherein the R radicals in said silane units are selected from alkyl groups having from about 7

to about 20 carbon atoms, optionally substituted with halogen, e.g., fluorine.

(3) Those wherein the R group in the silane units are alkyl radicals of up to about 7 carbon atoms (optionally

substituted with halogen, e.g., fluorine) or aryl groups of up to about 14 carbon atoms with an amine radical

-NRR,, wherein Ry and R, are alike or different, and selected from hydrogen and lower alkyl having up

to about 4 carbon atoms.

(4) Heteropolycondensates of classes (1), (2), or (3) above which have been subjected to a high temper-

ature, high pressure treatment of the type illustrated by Example 2.

The process of this invention can also be carried out using an endcapped silicic acid condensate, i.e., a
silicic acid heteropolycondensate having the repeating unit Si= wherein the unsatisfied valences in said units
are interconnected by oxygen, and said condensate is endcapped by R;Si-groups, wherein each R is alike or
different and has the same significance as above. The condensates within this subclass (5) are illustrated by
the non-limiting example, EC-C-18.

The heteropolycondensates used in this invention are made by causing molecules of one or more silanes
selected from those having the formula:



10

18

20

25

30

35

40

45

50

55

EP 0 455 730 B1

i | | |
X—-? i—-X R—? i-X R——? i-X R-Si-X
|
R R R R
(I) (I1) (I1I) (IV)

to hydrolyze and interconnect. The process is preferably conducted in the presence of a water miscible solvent
in which the silane(s) are dissolved. The reaction is also preferably carried out by adding the water slowly or
in a fine stream to the silane starting material. The use of a water miscible solvent, and controlled addition of
the water, assists in maintaining homogeneity during hydrolysis.

The amount of water employed is preferably the calculated amount required for complete hydrolysis of the
hydrolyzable groups (represented by X in the above formulas) present in the silane(s) to be reacted. The
amount of solvent is not critical. Generally, from two to four volumes of solvent are used. The solvent can be
an alcohol, an ether, a ketone, or an acid, an amide or the like. Typical solvents are methanaol, ethanol, dioxane,
acetone, acetic acid, and dimethyl formamide. Dioxane is a preferred solvent for silanes in which the hydrol-
yzable groups are halogen. Alcohols are preferred solvents when the hydrolyzable groups are alkoxides.

For the purpose of this invention, "hydrolyzable groups" mean any group or groups which react with water
under the reaction conditions employed. They may be selected from hydrogen, halogen, alkoxide, and similar
radicals. Preferably they are alkoxides wherein the alkyl group is a hydrocarbyl radical, i.e., a radical solely
composed of carbon and hydrogen. Preferably, the alkoxide groups have up to about 4 carbon atoms.

The process may be carried out in the presence of a catalyst, e.g., an acid, or base. Acids suitable for this
purpose have a pK, of less than or equal to 5. Preferably, they are volatile acids such as hydrochloric acid and
acetic acid. Inorganic bases such as NaOH, KOH, and Ca(OH),, and organic bases such as lower alkylamines,
e.g., triethylamine, can be used. Acids are preferred catalysts.

The process may be conducted at a temperature of from about -25°C to about 130°C. A preferred temper-
ature range is from about 20°C to about 65°C. The process is preferably conducted at ambient pressure; how-
ever, slightly greater or lesser pressures can be used if desired. In general, the process is complete in less
than 24 hours. A preferred reaction time is from about 0.5 to about 5.0 hours. It is to be understood that the
reaction time is not a truly independent variable but is dependent to at least to an appreciable extent on the
other reaction conditions employed. For example, higher temperatures and more reactive hydrolyzable groups
favor shorter reaction times. Less reactive groups and lower temperatures generally require longer reaction
times.

As indicated above, this invention comprises a method for determining the presence of oxygen in a sample.
This method comprises providing a membrane containing luminescent material which luminesces when excited
by visible or ultraviolet light, and whose luminescence (intensity or lifetime) is quenchable by oxygen. The meth-
od is not restricted to any specific type of luminescence. Thus, the process of this invention can be based on
photoluminescence, chemiluminescence, or thermoluminescence. The luminescent substance employed is in-
corporated in a silicic acid heteropolycondensate produced by the process discussed above. The heteropoly-
condensate/luminescent composite is exposed to the sample such that oxygen permeates the heteropolycon-
densate and quenches the luminescence of the indicator. The degree of quenching, i.e., the amount of quench
by oxygen, is measured and used to determine the amount of oxygen in the sample.

The method of incorporating the luminescent compound in the heteropolycondensate is not critical. One
method for doing so is set forth in the Examples below.

The sensor made from the heteropolycondensate/luminescent compound composite can be incorporated
in a variety of sensing devices known in the art. Thus, the sensors of this invention may be used in the appa-
ratus and methods set forth in:

Herschfeld et al; Journal of Lightwave Technology, Vol. LT-5 No.7 (July 1987), pp. 1027-1032.

Gehrich et al; IEEE Transactions on Biomedical Engineering, Vol. BME-33 No. 2 (February 1986), pp.
117-132.

Wolfbeis et al; Mikrochimica Acta [Wien] (1984), pp. 153-158.

Ruzicka et al; Analytica Chimica Acta 69, (1974), pp. 129-141.

Wolfbeis et al; Anal. Chem. (1985) 57, pp. 2556-2561.

The luminescent compound employed in the sensors provided by this invention can be selected from a
wide variety of luminescent materials known in the art. Typically, it may be acridine, pyrene, and the like, or
the complex of platinum with octaethylporphyrin. Other suitable systems include the porphyrin, octaethylpor-
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phyrin, or phthalocyanine ligands complexed with Cu**, Zn**, VO**, Pd**, or Pt"*. Complexes of 1,10:phenan-
throline, and substituted derivatives thereof, with chromium or a platinum subgroup metal can also be used.
Typical luminescent materials which can be used in this invention are disclosed in British Patent 2,132,348B
and in Lee et al; Anal. Chem. (1987) 59, pp. 279-283; and Avnir et al; Journal of Non-Crystalline Solids 74
(1985), pp. 395-406 (supra).

Generally, the concentration of the luminescent compound in the heteropolycondensate is within the range
of from about 0.01 to about 0.4% by weight; more preferably from about 0.05 to about 0.2 weight percent.

Example 1

The sol/gel (silicic acid heteropolycondensate) solutions were prepared by a standardized set of conditions
as described below, using 80-phenyl/15-Ph,/5-OSTEE as an example. In a 250 mL, three-neck round-bottom
flask equipped with a mechanical stirrer and reflux condensor were placed 40 mL (0.17 mol) of phenyltriethox-
ysilane, 6.6 mL (0.031 mol) of dichlorodiphenylsilane, 2.3 mL (0.010 mol) of tetraethoxysilane, and 49 mL of
ethanol. This mixture was stirred at 60°C in a constant temperature bath while 10.8 mL (0.60 mol) of 0.15 M
HCI was added dropwise. The resulting solution was stirred at 60°C for one hour, allowed to stand overnight
at ambient temperature, and then stirred an additional four hours at 60°C. (This process was not followed ex-
actly in all cases. The reaction time was required to produce materials with sufficient molecular weights that
they could be isolated by a precipitation process. In general, three hours of stirring at 60°C after addition of
HCI was sufficient.)

The procedure described above was easily modified to produce a variety of compositions simply by varying
the monomers. The amount of ethanol which was added was equal in volume to the silane monomers. The
amount of water added, in the form of 0.15M HCI, was equal to the number of moles of hydrolyzable groups
on the silane monomers.

Since PtOEP is not soluble in ethanal, it was necessary to isolate the sol/gel polymers. This was done by
pouring the sol/gel solutions prepared as described above into an excess of water. The polymer separated as
a viscous oil which could be collected, dried in a vacuum oven, and dissolved in CH,Cl, to 10% solids. This
stock solution could then be used with PtOEP as described below.

When it is desired to endcap the polycondensate, an intermediate product can be prepared by polymerizing
the silanes selected from compounds of Formulas I, Il, or lll, and then capping residual silanol groups with
endcapping compounds of Formula IV, such as octadecyldimethylchlorosilane (C1gH37)(CH3),SiCl. The amount
of endcapping agent (in moles) is used in an amount within the range of from about 0.5 to about 8, more pre-
ferably from about 2 to about 4.

The temperature and reaction time employed for the endcapping can be within the ranges of from about
25°C to about 100°C, and from about 0.25 to about 4.0 hours, respectively, more preferably from about 40°C
to about 70°C, and from about 0.5 to about 2 hours.

Non-endcapped or endcapped heteropolycondensates made according to the process illustrated by this
Example can be upgraded by heating them at an elevated temperature and pressure as (discussed above and)
illustrated by the following Example:

Example 2

Phenyltriethoxysilane (60 ml, 0.25 mol) was polymerized according to the procedure set forth in Example
1 using 46.7 ml of ethanol and 13.4 ml (0.75 mol) of water. No acid catalyst was employed.

The ethanolic solution of the silicic acid heteropolycondensate produced was transferred to a stainless
steel reaction vessel and dried by heating above the critical temperature of ethanol.

This was accomplished by raising the temperature of the solution at a rate of 100°C/hr. to 280°C and a
pressure of 2000 psi. At that point the reactor was vented and swept with nitrogen. The product was allowed
to slowly cool to ambient temperature over a time span of about 16 hours.

The phenyl group-containing silicic acid was in the form of a white powdery material which was soluble in
methylene chloride.

Example 3

Stock solutions were prepared by dissolving one gram of organic modified silicic acid heteropolyconden-
sates in 10 mL of CH,Cl, in which one milligram of PtOEP was added. Light was excluded from the stock sol-
ution. In this study, an optical fiber spectrometer (Guided Wave Model 200) was used to measure the phos-
phorescence intensity. This commercial instrument is equipped with a bifurcated fiber with one input fiber in
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the center axis to guide light to the sample and six output fibers along the edge to collect the scattered light
and guide it back to the spectrometer. The fibers are terminated in a stainless steel probe. A polycarbonate or
polymethylmethacrylate barrel was screwed on the probe, and a circular glass disc was glued to the barrel
with dichloromethane. The 25 mil thick plate places the dye in the cross section of the exciting beam and the
field of view defined by the numerical aperture of the optical fibers, maximizing the observable phosphores-
cence. The PtOEP/sol-gel was first drop coated on the circular glass plate. This coating was then heated at
60°C to 120°C for one to four hours. After cooling to room temperature, this glass plate was "glued" to the barrel.
During the measurement, the fiber was kept in a glass bottle which is connected to two flowmeters. The two
flowmeters were used to control the ratio of compressed nitrogen and air partial pressure, while keeping the
total pressure constant. The dye/polymer was excited with a tungsten lamp and an Ealing interference filter
which passed wavelengths <5650 nm. The phosphorescence was monitored at 642 nm with a bandwidth of 10
nm. Phosphorescence lifetimes were estimated from the recorded decay curves (which were obtained by time-
resolved phosphorescence) by nonlinear curve fitting. Visible absorption spectra were taken with an HP-4850A
UV-VIS spectrometer.

Fig. 1 shows the results of the phosphorescence intensities of PtOEP incorporated in (X), 95-Phenyl/5-
OSTEE and (O), Phenyl/propyl coatings, which were normalized with their corresponding intensities measured
in nitrogen, as a function of time (in minutes). In this figure, each step change in the intensity is due to the
change of the ratio of nitrogen to oxygen partial pressure by manually adjusting flowmeters. The measurements
were done by increasing oxygen partial pressure in five steps from nitrogen to air. The phosphorescence in-
tensity decreased as the oxygen partial pressure increased due to the quenching of phosphorescence by oxy-
gen. When switching back to nitrogen, the intensity almost regains its original high value as shown in the case
of (0), Phenyl/propyl. The slight decrease in the intensity when switching back and forth between nitrogen
and air could arise from the instability of incorporated PtOEP, which will be discussed later. The response time
of this sensor, depending on the coating thickness, could be in the range of seconds (e.g., 10-40 second). The
difference in the change in intensity for each step change of oxygen partial pressure is significant between
95-Phenyl/5-OSTEE and phenyl/propyl. This difference is an indication of the differences in the oxygen per-
meability between these two coatings. Phenyl/propyl coatings show higher oxygen permeability than 95-Phe-
nyl/5-OSTEE.

The slope of a plot of [I(N2)/1(O2)-1] vs. Py, is proportional to the product of the lifetime 1, and the perme-

ability Po,. Figs. 2 to 4 are a collection of these plots for eight different sol/gel coatings. Their compositional

differences have been described above. Fig. 2 shows that 100-methyl and phenyl(hyper) are significantly more
permeable to oxygen than phenyl/propyl and 100-phenyl. However, 100-methyl and phenyl(hyper) show non-
linear behavior. On the other hand, 100-phenyl and phenyl/propyl show relatively linear responses to the oxy-
gen concentration range examined (Fig. 2).

When a small amount of OSTEE was added to prepare 95-Phenyl/5-OSTEE and 80-Phenyl/15-Ph,/5-0S-
TEE, their associated permeabilities are lower than that of 100-phenyl, which is 100% of the phenyl substituted
sol/gel. Note that 95-Phenyl/5-OSTEE and 80-Phenyl/15-Ph,/5-OSTEE show similar oxygen permeabilities
(Fig. 3).

Fig. 4 shows results obtained on coatings prepared from an endcapped sol/gel, EC-C-18, and from a 100%
n-octyltriethoxysilane sol/gel, 100-octyl. The response of these two coatings to oxygen quenching are signif-
icantly different from other silicic acid heteropolycondensates coatings. It is obvious that these polycondensate
coatings are very permeable to oxygen. Their response curves reach plateaus at relatively low oxygen con-
centration.

The measured oxygen permeability is also a function of the decay lifetimes of the phosphorescent probes.
For a comparison of oxygen permeabilities among these coatings, we determined the associated phosphor-
escence lifetimes. The phosphorescence lifetimes of the incorporated PtOEP were evaluated from time-
resolved phosphorescence measurements. Fig. 5 shows a typical phosphorescence decay curve for a phe-
nyl/propyl coating measured under nitrogen. It also includes a best fit-curve by assuming biexponential decay.
Thefit is reasonably good, a good fit having a low deviation and a random distribution in the residuals (residuals
are plotted below the decay curves in Figs. 5 and 6). The time scale is in microseconds. A biexponential fit
might indicate that the excited triplet state of PtOEP experiences two different environments. Fig. 6 shows re-
sults obtained in air with the same coating used in Fig. 5. Again, this decay curve can be explained by two
decay lifetimes which are shorter than those measured in nitrogen, as expected.

Table Il summarizes the phosphorescence lifetimes measured both in air and nitrogen. This Table also in-
cludes the results measured for a PtOEP/CH,CI, solution.
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Table II

PtQEP_Ph hor n Li imesg*

Phenyl/ = 95-Phenyl/5-

[NZJ CHZCI2 P 1 OSTEE 100—Methyl
Te1 12 13.7 18.2 18.7
Teo 88.1 91.6 104.2

[AIR]

Tox1 46 2.0
Tox? 5.2 7.5 5.3

*Time scale is in microseconds.

From Figs. 2 to 4, the ratio of slopes, which are proportional to the product of the phosphorescence lifetime
and the oxygen permeability, for 100-methyl:phenyl/propyl:95-Phenyl/5-OSTEE is 1:0.431:0.161. After cor-
recting for the difference in their phosphorescence lifetimes, the ratio becomes 1:0.49:0.19. In this case, the
luminescence lifetimes only change the relative magnitude, not the order, of the permeabilities among these
three coatings.

Some conclusions can be made from the observed results. Alkyl substituted glassy coatings appear to be
more permeable to oxygen than aryl substituted coatings. However, 100% phenyl substituted coatings pre-
pared by hypercritical processing of Example 2 show much higher oxygen permeability than phenyl coatings
prepared from conventional low temperature sol/gel processes. If a portion of phenyl is substituted by propyl,
it results in an increase in oxygen permeability. On the other hand, the introduction of 5% of OSTEE decreases
the oxygen permeability. The OSTEE can cause the final structure of coatings to be more tightly cross-linked
and will produce harder coatings

As for endcapped sol/gel coatings, they show high oxygen permeability.

In a separate experiment, the oxygen permeability of sol/gel coatings prepared from aminopropylsilane
was evaluated by measuring the phosphorescent spectra of incorporated PATPPS both in air and nitrogen.
The results show that air did not quench the phosphorescence of PATPPS (palladium tetraphenylporphyrin-
sulfonate) to any appreciable amount. In other words, this coating is very impermeable to oxygen. This can
be attributed to the character of the amino groups. This kind of oxygen impermeable coating has its own value.
For example, sol/gels containing aminopropyl groups can be blended with other sol/gels having greater oxygen
permeability to fine tune the permeability of the sensor.

We observed that the phosphorescence intensities of incorporated PtOEP gradually decreased with time
when exposed to light in air. In a controlled experiment, we have observed that both oxygen and light are re-
quired to cause this degradation. The visible spectra of PtOEP in phenyl/propyl coatings were monitored as a
function of time. The results are presented in Fig. 7(A)-(B), where (A) and (B) were obtained on coatings both
without and with thermal pretreatment, respectively. The absorption intensities of PtOEP decrease significantly
with time. The thermal pretreatment as shown in Fig. 7(B) seems to improve the stability to some extent.

We also observed that 100% phenyl sol/gel prepared from a hypercritical process showed a relatively slow
photodegradation rate.

Despite the problem of dye stability, the work reported above has shown that sol gels have many valuable
properties as a coating for oxygen sensing. The mechanical and chemical stability of the sol/gel coating has
allowed the sensor to be operated in IN NaOH, ferric oxyhydroxide aqueous slurries, latex colloidal suspen-
sions, and gas, unlike other phosphorescent optrodes that have interference problems. The dynamic range is
3 to 4 times larger than the literature optrodes (Miller, F., et al, J. Lightwave Tech., Lt-5(7), 1027-1032, 1987)
as illustrated by the curve for 100-methyl in Fig. 4. The optimum oxygen sensitivity range is tunable (as shown
by Figs. 4-6), and the lowest measurable oxygen concentration is <0.001%. The optical properties (transpar-
ency, scatter, etc.) of some sol/gel coatings approach those of optical quality glass.
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Claims

1.

A method of determining the presence of oxygen in a sample, said method comprising:
(A) exposing a sensor to said sample, said sensor comprising:
(i) a luminescent material which luminesces when excited by visible or ultraviolet light and whose
lifetime or intensity of luminescence is quenchable by oxygen, and
(ii) a membrane which is permeable to oxygen and in which said luminescent material is embedded,
(B) allowing oxygen from said sample to permeate said membrane and contact said luminescent ma-
terial,
(C) measuring the quench-related decrease in luminescence caused by oxygen, and
(D) using a measurement thereby obtained to determine the oxygen content of said sample;
characterized in that said membrane consists essentially of an organic modified silicic acid hetero-
polycondensate having silane units with the formula RSi=, such that the free valences of said units are
interconnected by oxygen.

2. A method of Claim 1 wherein the R radicals in said silane units are selected from the class consisting of:
(a) lower alkyl radicals or halosubstituted alkyl radicals having up to about 7 carbon atoms;
(b) aryl radicals having up to about 14 carbon atoms; and
(c) mixtures of (a) and (b).

3. A method of Claim 2 wherein the R radicals in said silane groups are selected such that from about 70
to 100% of said groups are selected from group (b) and 0-30% from group (a).

4. A method of Claim 2 wherein said R radicals in said silane units are selected from subgroup (b), and said
heteropolycondensate is further characterized by being substantially free of hydrolyzable or silanol
groups.

5. A method of Claim 3 wherein said R radicals in said silane units are phenyl.

6. A method of Claim 4 wherein said R radicals in said silane units are phenyl.

7. A method of Claim 1 wherein the R radicals in said silane units are selected from alkyl groups and halo-
substituted alkyl groups having from about 7 to about 20 carbon atoms.

8. A method of Claim 7 wherein the R radicals in said silane units are octyl.

9. A method of Claim 1 wherein R is an alkyl group or halosubstituted alkyl group of up to about 20 carbon
atoms or an aryl group of up to about 14 carbons substituted with an amine radical -NR,R, wherein R,
and R, are alike or different and selected from hydrogen and lower alkyl groups having up to about4 carbon
atoms.

10. The method of Claim 9 wherein R is aminopropyl.

11. A sensor comprising a luminescent material which luminesces when excited by visible or ultraviolet light
and whose lifetime or intensity of illumination is quenchable by oxygen, said luminescent material being
incorporated within a membrane, characterized in that said membrane consists essentially of an organic
modified silicic acid heteropolycondensate having silane units with the formula RSi= wherein the valences
of said units are interconnected by oxygen.

Patentanspriiche

1. Verfahren zur Bestimmung der Gegenwart von Sauerstoff in einer Probe, bei dem man:

(A) einen Sensor der Probe exponiert, wobei der Sensor aufweist:
(i) ein lumineszierendes Material, das luminesziert, wenn es durch sichtbares oder ultraviolettes
Licht angeregt wird, und dessen Lebensdauer oder Intensitit der Lumineszenz durch Sauerstoff
ausldschbar ist und
(ii) eine Membran, die fiir Sauerstoff permeabel ist und in die das lumineszierende Material einge-
bettet ist,
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(B) den Sauerstoff aus der Probe in die Membran eindringen 4Rt und in Kontakt mit dem lumineszie-
renden Material bringt,
(C) den durch Ausléschung bewirkten Abfall der Lumineszenz, verursacht durch Sauerstoff, mift und
(D) eine hierbei erhaltene Messung dazu verwendet, um den Sauerstoffgehalt der Probe zu ermitteln;
dadurch gekennzeichnet, dall die Membran im wesentlichen besteht aus einem organischen mo-
difizierten Kieselsédure-Heteropolykondensat mit Silaneinheiten mit der Formel RSi=, derart, daB die frei-
en Valenzen der Einheiten durch Sauerstoff miteinander verbunden sind.

Verfahren nach Anspruch 1, bei dem die Reste R in den Silaneinheiten ausgewahlt sind aus der Klasse
bestehend aus:
(a) kurzkettigen Alkylresten oder Halo-substituierten Alkylresten mit bis zu etwa 7 Kohlenstoffatomen;
(b) Arylresten mit bis zu etwa 14 Kohlenstoffatomen;
(c) Mischungen von (a) und (b).

Verfahren nach Anspruch 2, bei dem die Reste R in den Silangruppen ausgewdhlt sind derart, dall etwa
70 bis 100 % der Gruppen ausgewahlt sind aus der Gruppe (b) und 0 bis 30 % aus der Gruppe (a).

Verfahren nach Anspruch 2, bei dem die Reste R in den Silaneinheiten ausgewahlt sind aus der Unter-
gruppe (b) und bei dem das Heteropolykondensat weiter dadurch gekennzeichnet ist, daR es im wesent-
lichen frei ist von hydrolysierbaren Gruppen oder Silanolgruppen.

Verfahren nach Anspruch 3, bei dem die Reste R in den Silaneinheiten Phenylreste sind.
Verfahren nach Anspruch 4, bei dem die Reste R in den Silaneinheiten Phenylreste sind.

Verfahren nach Anspruch 1, bei dem die Reste R in den Silaneinheiten ausgewahlt sind aus Alkylgruppen
und Halo-substituierten Alkylgruppen mit etwa 7 bis etwa 20 Kohlenstoffatomen.

Verfahren nach Anspruch 7, bei dem die Reste R in den Silaneinheiten Octylreste sind.

Verfahren nach Anspruch 1, bei dem R eine Alkylgruppe oder Halo-substituierte Alkylgruppe mit bis zu
etwa 20 Kohlenstoffatomen oder eine Arylgruppe mit bis zu etwa 14 Kohlenstoffatomen, substituiert
durch einen Aminrest -NR,Ry,ist, worin Ry und R; gleich oder verschieden sind und ausgewahlt sind aus
Wasserstoff oder kurzkettigen Alkylgruppen mit bis zu etwa 4 Kohlenstoffatomen.

Verfahren nach Anspruch 9, worin R eine Aminopropylgruppe ist.

Sensor mit einem lumineszierenden Material, das luminesziert, wenn es durch sichtbares oder ultravio-
lettes Licht angeregt wird und dessen Lebensdauer oder llluminations-Intensitat durch Sauerstoff aus-
I6schbar ist, wobei das lumineszierende Material innerhalb einer Membran vorliegt, dadurch gekennzeich-
net, dal die Membran im wesentlichen besteht aus einem organisch modifizierten Kieselséure-Hetero-
polykondensat mit Silaneinheiten der Formel RSi=, worin die Valenzen der Einheiten durch Sauerstoff mit-
einander verbunden sind.

Revendications

Méthode pour déterminer la présence d’oxygéne dans un échantillon, méthode dans laquelle :
(A) on expose un capteur a I'’échantillon, capteur comprenant :
(i) une substance luminescente qui émet une luminescence lorsqu’elle est excitée par une lumiére
visible ou ultraviolette et dont la durée de vie ou I'intensité de la luminescence est susceptible d’étre
réduite par la présence d’oxygeéne, et
(ii) une membrane perméable a 'oxygéne et dans laquelle se trouve incorporée la substance lumi-
nescente,
(B) on laisse I'oxygéne de I'échantillon passer a travers la membrane et entrer en contact avec la subs-
tance luminescente,
(C) on mesure la perte de luminescence provoquée par I'oxygéne, et
(D) on utilise cette mesure pour déterminer le contenu en oxygéne de I'échantillon ;
caractérisée en ce que la membrane consiste essentiellement en un hétéropolycondensat d’acide silicique
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modifié par des radicaux organiques ayant des unités silane de formule RSi=, les valences libres de ces
unités étant interconnectées avec de 'oxygéne.

Méthode selon la revendication 1 dans laquelle les radicaux R dans les unités silane sont choisis dans
la classe comprenant :
(a) les radicaux alkyle inférieurs ou les radicaux alkyle inférieurs substitués par un halogéne ayant jus-
qu’a environ 7 atomes de carbone ;
(b) les radicaux aryle ayant jusqu’a environ 14 atomes de carbone ; et
(c) des mélanges de (a) et (b).

Méthode selon la revendication 2 dans laquelle les radicaux R dans les groupes silane sont choisis de
telle sorte que 70 & 100% de ces groupes sont choisis dans le groupe (b) et 0-30% dans le groupe (a).

Méthode selon la revendication 2 dans laquelle les radicaux R dans les unités silane sont choisis dans
le sous-groupe (b) et I'hétéropolycondensat est caractérisé de plus en ce gqu’il ne contient pratiquement
aucun groupe hydrolysable ou silanol.

Méthode selon la revendication 3 dans laquelle les radicaux R dans les unités silane sont des radicaux
phényle.

Méthode selon la revendication 4 dans laquelle les radicaux R dans les unités silane sont des radicaux
phényle.

Méthode selon la revendication 1 dans laquelle les radicaux R dans les unités silane sont choisis parmi
les groupes alkyle et les groupes alkyle substitués par un halogéne ayant de 7 a 20 atomes de carbone.

Méthode selon la revendication 7 dans laquelle les radicaux R dans les unités silane sont des radicaux
octyle.

Méthode selon la revendication 1 dans lagquelle R est un groupe alkyle ou alkyle substitué par un halogéne
ayant jusqu’a 20 atomes de carbone ou un groupe aryle ayant jusqu’a 14 atomes de carbone substitué
par un radical amine -NR4R, ou R, et R, sont les mémes ou différents et choisis parmi '’hydrogéne et les
groupes alkyle inférieurs ayant jusqu’a 4 atomes de carbone.

Méthode selon la revendication 9 dans laquelle R est aminopropyle.

Capteur comprenant une substance luminescente qui émet une luminescence lorsqu’elle est excitée par
une lumiére visible ou ultraviolette et dont la durée de vie ou I'intensité de la luminescence est susceptible
d’étre réduite par la présence d’oxygéne, substance luminescente incorporée dans une membrane, ca-
ractérisé en ce que la membrane consiste essentiellement en un hétéropolycondensat d’acide silicique
modifié par des radicaux organiques ayant des unités silane de formule RSi=, les valences libres de ces
unités étant interconnectées avec de 'oxygéne.

11
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